OBJECTIVE -Because endothelial cell dysfunction and inflammation are key contributors to the development of complications in type 1 diabetes, we studied risk factors related to endothelial dysfunction and inflammation (C-reactive protein and fibrinogen, soluble vascular cell adhesion molecule-1, intracellular adhesion molecule-1, and E-selectin, and fibrinolytic markers) in a subgroup of patients from the Diabetes Control and Complications Trial (DCCT)/ Epidemiology of Diabetes Intervention and Complications (EDIC) study cohort.
B
iomarkers are circulating molecules, proteins, or enzymes whose levels provide independent diagnostic or prognostic value for an underlying disease state or for complications thereof (1) . Studies over the last decade strongly support the idea that atherosclerosis and diabetic retinopathy and nephropathy result from endothelial cell dysfunction followed by lipid accumulation and an inflammatory process affecting both macroand microvasculature. Early studies focused on quantitative and qualitative lipoprotein changes as biomarkers for the development of diabetes complications (2) . However, although lipoproteins are important biomarkers for vascular risk, they do not completely account for the excess of vascular complications in diabetes. Therefore, more recently, plasma biomarkers of inflammation and endothelial dysfunction have been investigated as possible risk factors for diabetes complications.
The majority of the studies performed to examine these parameters have included relatively small numbers of subjects and had discrepant results. Some studies showed elevation of inflammatory markers such as interleukin-6 (IL-6) and C-reactive protein (CRP) in patients with nephropathy and other microvascular but not macrovascular complications (3) . However, increased levels of these inflammatory markers have also been reported in type 1 diabetic patients without clinical evidence of complications (4) .
The most extensive study of risk factors to date was conducted by Schram et al. (5) in a subgroup of patients from the European Diabetes (EURODIAB) Prospective Complications Study. These authors compared diabetic patients with micro-and/or macrovascular complications with diabetic patients who were complication free. They found increased levels of CRP, IL-6, and tumor necrosis factor in the patients with complications. These authors also described a correlation between conventional vascular risk factors, including age, sex, diabetes duration, hypertension, lipid levels, and smoking, with markers of inflammation and endothelial dysfunction. Plasma levels of soluble vascular cell adhesion molecule (sVCAM-1) and soluble E-selectin (sE-selectin) were also strongly and independently associated with inflammatory markers, suggesting that endothelial dysfunction and inflammatory activity (reflected by predominantly nonendotheliumderived markers) are related in type 1 diabetes (5). The above study, however, did not properly examine the association of complications with inflammation/ endothelial dysfunction markers as no adjustment for conventional risk factors was performed, and micro-and macrovascular complications were grouped.
The current literature does not provide a clear picture of the value of biomarkers as predictors of diabetes complications, although some articles provide a basis for selecting biomarkers more likely to provide useful information, such as CRP (1,6 -10) and fibrinogen levels (8, (11) (12) (13) , endothelial dysfunction markers (sVCAM-1, soluble intracellular adhesion molecule [sICAM-1], and sEselectin) (7, 12, 14, 15) , and the modulators of fibrinolysis, plasminogen activator inhibitor 1 (PAI-1) (16), and tissue typespecific plasminogen activator (tPA) (17) .
Thus, we studied parameters of inflammation and endothelial dysfunction in the Diabetes Control and Complications Trial (DCCT)/Epidemiology of Diabetes Intervention and Complications (EDIC) cohort, a large well-characterized cohort of patients with type 1 diabetes, to determine which parameter or cluster of parameters are associated with the presence of nephropathy and macrovascular complications. Because the number of events related to macrovascular disease in the cohort was rather small, carotid intima-media thickness (IMT) was used as a surrogate. Data obtained in the DCCT/EDIC study have shown that carotid IMT is a sensitive marker for coronary and cerebrovascular disease in patients with type 1 diabetes (18) . We chose CRP and fibrinogen as inflammatory markers and sICAM-1, sVCAM-1, sE-selectin, tPA, and PAI-1 as markers of endothelial dysfunction.
RESEARCH DESIGN AND METHODS -The DCCT enrolled and followed 1,441 patients with type 1 diabetes between 1983 and 1993 to determine whether intensive diabetes management would prevent complications (19) . The study was stopped in June 1993 because it was conclusively shown that intensive management of type 1 diabetes delayed development and progression of retinopathy, neuropathy, and nephropathy. The DCCT was followed by the EDIC study, which is a noninterventional epidemiologic investigation designed to study the development of vascular diseases in patients who were part of the DCCT. EDIC has documented the development and progression of macrovascular disease and nephropathy through repeated measurements of carotid IMT (macrovascular disease) and serum creatinine, estimated glomerular filtration rate, and albumin excretion rate (AER) (nephropathy) since its inception in 1994. In 1996 a Program Project Grant (PPG) was obtained by the Medical University of South Carolina to perform ancillary studies on the DCCT/EDIC cohort. A total of 1,063 EDIC participants agreed to participate in the PPG study. The first blood and urine collection for the PPG study, obtained in 1997-1999, was used to measure the inflammation/endothelial cell dysfunction parameters reported in this article, and these measurements were linked with clinical parameters from the DCCT/EDIC cohort, including history of clinical events and risk behaviors (such as smoking) and physical examination, as well as blood pressure, routine electrocardiograms, carotid IMT, lipid levels, A1C, and AER. The study was approved by the institutional review boards of all participating institutions, and each participant gave written informed consent.
Quantitation of biomarkers
Serum levels of sICAM-1, sVCAM-1, and sE-selectin were determined using SearchLight Proteome Arrays (Pierce Biotechnology, Rockford, IL) using ArrayVision software for data analysis. Interassay coefficients of variation (CVs) for sICAM-1, sVCAM-1, and sE-selectin were, respectively, 10.7, 10.6, and 5%, and intra-assay CVs were, respectively, 4.5, 4.3, and Ͻ2%. Plasma concentrations of fibrinogen were determined using a commercially available assay using an ST4 agglutinometer (Diagnostica Stago) as described previously (11) . Inter-and intra-assay CVs were 6.4 and 3.9%, respectively. Serum CRP was measured by high-sensitivity immunonephelometry with intra-and interassay CVs of Ͻ11 and Ͻ2% as described (20) . Quantitation of tPA antigen and activity were determined using commercially available enzymoimmunoassays (TintElize tPA and Chromolize tPA, respectively; Trinity Biotech, St. Louis, MO). Interassay CVs for the two assays averaged 6.6 and 5.3%, respectively, whereas the intra-assay CVs averaged 4.1 and 4.0%, respectively. PAI-1 antigen and activity levels were determined using commercially available enzymoimmunoassays (TintElize PAI-1 and Chromolize PAI-1, respectively; Trinity Biotech). The interassay CVs for these two assays averaged 8.8 and 10.8%, whereas the intra-assay CVs averaged 4.7 and 3.5%. We performed masked determinations in 69 to 86 duplicate samples from EDIC patients and the coefficients of reliability (calculated by EDIC) were 0.938 for sVCAM-1, 0.918 for sVCAM-1, 0.946 for PAI-1, 0.926 for fibrinogen, and 0.999 for CRP.
Statistical analysis
Outcome variables. According to the EDIC protocol, renal assessment and blood collection were performed in alternate years. Thus, AER was calculated as the average of measurements performed on urine specimens collected within the 2-year period around the time of collection of blood samples used for biomarker assays. Patients with AER Ͻ40 mg/24 h were considered to have normal urine albumin levels; those with AER Ն40 mg/24 h were classified as having abnormal urine albumin levels.
Macrovascular disease was assessed by internal and common carotid IMT assessed by ultrasonography between 1994 and 1996, at approximately year 6 of EDIC and 3 years before the collection of the samples used for this report (21) . Corresponding year 1 IMT measurements for internal carotid and common carotid were used as covariables to assess progression of IMT. A description of IMT measurements was detailed earlier (21, 22) Modeling process. A multistage modeling process was used to test the primary hypothesis that inflammation/endothelial dysfunction markers predict diabetes complications after adjustment for known risk factors. The first stage of analysis was an univariate analysis in which each outcome variable was associated with each candidate marker. The candidate biomarkers were as follows: sVCAM-1, sICAM-1, sE-selectin, PAI-1 activity and mass, tPA activity and mass, CRP, and fibrinogen. The natural logarithms tPA mass, PAI-1 activity and mass, sE-selectin, and sVCAM-1 were taken because of highly skewed levels. All regression models controlled for age, sex, DCCT treatment group (intensive and conventional randomization groups), diabetes duration, concurrent A1C, systolic blood pressure, waist-to-hip ratio, total and HDL cholesterol levels, and smoking status after initial univariate associations were examined in stage 1.
During the latter stages of the analysis, biomarkers were grouped for analysis according to their perceived biological function. Three subgroups were identi-fied: 1) adhesion molecules, 2) biomarkers of fibrinolysis, and 3) inflammatory mediators (fibrinogen and CRP). For fibrinolysis, two different models were created (one with mass measurements and another with activity measurements). Mass and activity measurements of PAI-1 were not included together in the same model as they are highly correlated (r ϭ 0.49) and thus would contribute to multicollinearity in the model. Similarly, the mass and activity measures of tPA were not included together in the models. Each subgroup of variables was entered into regression models separately. Collinearity within a biological domain was assessed by the variance inflation factors; no significant collinearity was detected. Partial F testing (or likelihood ratio testing) was used to determine whether addition of a biomarker(s) significantly enhanced outcome prediction over conventional variables.
All sets of multivariable regression models that examined associations between investigational variables and nephropathy, internal IMT, and common carotid IMT after adjustment for conventional risk factors were constructed, and optimal models were chosen on the basis of partial F testing and likelihood ratio testing. Investigational variables were added by category (e.g., inflammation, fibrinolysis variables [activity or mass], and adhesion molecules).
To measure the strength of the associations in the logistic regression models, the Nagelkerke's pseudo-R 2 (23) and Harrell's C statistic (24) were used. A value of 0.5 represents a chance prediction, values Ͼ0.8 are considered discriminative, and the discrimination of the model is improved as the C value approaches 1.0.
All data management and analyses were done using the SAS system (version 9.1.3; SAS Institute, Cary, NC). The type I error rate was determined to be 0.05 a priori, and no correction for multiple comparisons was applied to the reported P values.
RESULTS -At the time of blood sample collection, the mean Ϯ SD age of the patients was 39 Ϯ 7 years and 55% were male. Duration of diabetes was 17.5 Ϯ 4.8 months and A1C was 8.2 Ϯ 1.3%. BMI was 27.2 Ϯ 4.2 kg/m 2 and natural waist-to-hip ratio was 0.8 Ϯ 0.1. Systolic and diastolic blood pressures were 120 Ϯ 14 and 75 Ϯ 9 mmHg. Total, HDL, and LDL cholesterol levels were, respectively, 189.0 Ϯ 35.3, 56.0 Ϯ 14.7, and 115.0 Ϯ 30.5 mg/dl. Triglyceride levels were 89.0 Ϯ 63.3 mg/dl. In some patients collection of blood for biomarkers was not performed or was incomplete in 1997-1999, and, therefore, some biomarkers were assayed in a reduced number of samples. Not all outcome variables were obtained for a few patients. Conventional risk factors for 1997-1999 in all patients enrolled in the PPG as well as descriptive statistics of the outcomes and markers examined in this study are summarized in Table 1 .
Logistic and linear regression analyses between the investigational variables, AER, and internal and common carotid IMT without adjustment for any other variables were performed (see supplemental Table A1 of the online appendix available at http://dx.doi.org/10.2337/ dc08-0659.). A significant positive association of PAI-1 activity with both internal (P Ͻ 0.01) and common carotid IMT (P Ͻ 0.01) and a negative association of tPA activity and internal carotid IMT (P Ͻ 0.01) were observed. tPA mass was associated with nephropathy (P ϭ 0.03) as well as with internal (P Ͻ 0.01) and common (P Ͻ 0.01) carotid IMT. Of the adhesion molecules, sE-selectin was significantly associated with nephropathy (P Ͻ 0.01), and sICAM-1 was associated with internal carotid IMT (P ϭ 0.03). No significant associations of fibrinogen and CRP levels with nephropathy were observed (P ϭ 0.13 and P ϭ 0.77, respectively). A strong association with internal and common carotid IMT was observed for fibrinogen (P Ͻ 0.01 for both IMT measurements) but not for CRP (P ϭ 0.54 and P ϭ 0.84; respectively). Because CRP was not associated by simple logistic and linear regression analysis with either Table 2 summarizes the significance of the association of each group of variables studied with nephropathy and internal and common carotid IMT (year 6) after adjustment for conventional cardiovascular disease (CVD) risk factors. Table  2 shows a statistically significant association (P ϭ 0.02) of nephropathy with the set of adhesion molecules, after adjustment for conventional CVD risk factors, as well as a significant association (P ϭ 0.01) of fibrinogen with progression of internal and common carotid IMT (year 6), after adjustment for conventional CVD risk factors. The association between outcomes and biomarkers was not improved by combining biomarkers from different domains. Table 3 summarizes the multivariate logistic and linear regression analyses examining the relationship of all biomarkers studied and the vascular outcomes (nephropathy assessed by AER and internal and common carotid IMT progression).
As seen in Table 3 , sE-selectin shows strong evidence for an association with nephropathy, even after correction for conventional risk factors (total and HDL cholesterol, smoking, age, sex, A1C, blood pressure, and waist-to-hip ratio), duration of diabetes, and DCCT randomization group (P Ͻ 0.01). sE-selectin enhanced discrimination over that provided by conventional risk factors of patients with abnormal AER from patients with normoalbuminuria (C statistic increased from 0.80 to 0.84). Adding either fibrinolytic factors or acute inflammatory markers such as fibrinogen to sE-selectin , systolic blood pressure (reference: millimeters of mercury), natural waist-to-hip ratio, HDL cholesterol (milligrams per deciliter), and total cholesterol (milligrams per deciliter). IMT outcomes at year 6 are also adjusted for corresponding IMT readings at year 1. †The reported values are the change in the log odds for a 1-unit change (unstandardized ␤ values) or a 1 SD change (standardized ␤ values) in the biological parameter (for logistic regression models) or the change in IMT for either a 1-unit change (unstandardized) or 1 SD change (standardized) for linear regression models. Odds ratios for the same change can be obtained by exponentiating the estimated ␤ values. For example, a 1 SD change in the natural logarithm of PAI-1 activity (International Units per milliliter) increases the odds of nephropathy by 1.0602 (P ϭ 0.4013). ‡Only applicable to the logistic model. §Nagelkerke's pseudo-R 2 is reported for the logistic model and the adjusted R 2 for the linear regression models. Regression model 1: composed of conventional risk factors: age (years), treatment group (reference: standard treatment), duration of diabetes (years), A1C (percentage), sex (reference: male), smoking status (reference: smoker), systolic blood pressure (reference: millimeters of mercury), natural waist-to-hip ratio, HDL cholesterol (milligrams per deciliter), and total cholesterol (milligrams per deciliter). IMT outcomes at year 6 are also adjusted for corresponding IMT readings at year 1. This model is denoted as M1 for sample size, coefficient of determination, and concordance index. Regression model 2: composed of only the specified biomarkers. This model is denoted as M2 for sample size, coefficient of determination, and concordance index. Regression model 3 (M3): models 1 and 2 combined. **Natural log transformed.
did not enhance the potential for discrimination of sE-selectin. Additive or synergistic interactions with other adhesion molecules were not observed (data not shown). Thus, the final predictive model for nephropathy consisted of the main effects of the three adhesion molecules.
Multivariable linear regression investigating the association of biomarkers and internal and carotid IMT incorporated, as correction factors, the conventional risk factors mentioned for nephropathy and the measurements performed for IMT at year 1 of EDIC. This way progression between the measurements of years 1 and 6 could be assessed. Interestingly some of the associations were strongly affected by the correction by conventional risk factors. Only fibrinogen remained associated with year 6 internal carotid IMT (P Ͻ 0.01), but fibrinogen levels (P Ͻ 0.01), PAI-1 activities (P ϭ 0.05), and tPA activity (P Ͻ 0.01) remained associated with year 6 common carotid IMT. Adding different biomarkers did not strengthen the association of the levels of single biomarkers with internal carotid or common carotid IMT progression.
CONCLUSIONS -The identification of inflammation and endothelial dysfunction markers associated with the development of nephropathy and CVD in patients with type 1 diabetes has considerable clinical implications. This study is the first conducted on a large cohort of type 1 diabetic patients (1,063 patients from the well-characterized DCCT/EDIC cohort) that addresses the association of these markers to the development of complications.
Simple logistic and linear regression analyses of our data suggested that the levels of fibrinogen, soluble cell adhesion molecules, and PAI-1 and both tPA activity and tPA mass are the most promising biomarkers to assess the risk for development of complications in type 1 diabetic patients. On the other hand, CRP levels were not associated with either macro-or microvascular complications in this cohort of type 1 diabetic patients. Based on these results, we performed additional statistical studies exploring the correlation of fibrinolytic factors (activity and mass), fibrinogen, and cell adhesion molecules with the development of complications after adjustment for conventional risk factors.
After the adjustment for conventional risk factors, the levels of sVCAM-1, sI-CAM-1, and sE-selectin, as a group, showed a statistically significant association with nephropathy, in agreement with several published reports. Such associations had been reported previously in other smaller cross-sectional studies, in which sICAM-1 levels were reported to be significantly increased in patients with type 1 diabetes compared with nondiabetic subjects and in diabetic patients with complications compared with those without (7, 12) and in a larger study (n ϭ 540), in which sVCAM-1 and sE-selectin levels had positive associations with albuminuria and CVD (14) . Costacou et al. (15) also found sE-selectin to be an independent predictor of coronary heart disease in a case-control study of patients with type 1 diabetes from the Pittsburgh Epidemiology of Diabetes Complications study, but we did not observe such an association. In agreement with our negative results, Leinonen et al. (25) reported in patients with type 2 diabetes that levels of soluble cell adhesion molecules, although elevated, do not correlate with internal carotid IMT or with clinical CVD (25) .
The EURODIAB Prospective Complications Study recently investigated two determinants of inflammatory activity, conventional risk factors for atherothrombosis and plasma concentrations of sVCAM-1 and sE-selectin, as indexes of endothelial dysfunction. The markers of inflammatory activity (CRP, IL-6, and tumor necrosis factor) were associated with conventional risk factors including sex, diabetes duration, level of glycemic control, BMI, HDL cholesterol (inversely), triglycerides, and systolic blood pressure. Plasma levels of sVCAM-1 and sE-selectin were also strongly and independently associated with these inflammatory markers, suggesting that endothelial dysfunction and inflammatory activity are related events in type 1 diabetes (5). However, because inflammation is strongly linked with conventional risk factors as well as with biomarkers of endothelial cell dysfunction in type 1 diabetes when all factors are taken into consideration, the value of the biomarkers of endothelial cell dysfunction to predict cardiovascular complications is not superior to that of conventional risk factors.
The value of inflammation markers as predictors of macro-or microvascular complications in diabetic patients is not clear, particularly in the case of CRP, which did not show any correlation with micro-or macrovascular disease in our study. These results are in keeping with our cross-sectional study of DCCT-EDIC participants, in which serum CRP levels were correlated with BMI and glycemia but were not associated with micro-or macrovascular complications (20) . Although CRP has been heralded as the optimal biomarker for improving vascular risk prediction (1) , the data for type 1 diabetes are contradictory. Several groups have reported elevated CRP levels in diabetic patients (6,7), whereas others failed to reproduce this finding (8) . Some studies have shown a correlation between high CRP levels with increased IMT of the carotid artery (9) . Other studies reported that CRP is independently associated with development of diabetic nephropathy (6, 10) . However, elevated CRP levels have also been detected in patients with type 1 diabetes without evidence of macrovascular disease (7), and other studies have failed to show a significant correlation between CRP levels and small vessel vasculitis (13) . Further, these studies failed to demonstrate that CRP levels are an independent marker for the development of vascular complications or nephropathy in patients with type 1 diabetes (8, 12) in agreement with our results.
Fibrinogen levels have been shown to be associated with glomerular basal membrane thickening and to be increased in patients with diabetic nephropathy after correction of other markers of inflammation (8) . However, it has also been reported that the increase in fibrinogen levels observed in type 1 diabetic patients with microvascular complications loses significance when the analysis is adjusted for diabetes duration and glycemic control (12) . A previous study performed in a group of 909 patients from the DCCT/ EDIC cohort showed significant correlations between fibrinogen levels and urinary AER in men (r ϭ 0.13, P ϭ 0.003) and a low average brachial index in women (r ϭ Ϫ0.13, P ϭ 0.00) (11) . In the present study, fibrinogen levels had a strong predictive value for the development of macrovascular disease, showing the strongest association with progression of internal carotid IMT, whereas a weaker association was seen with PAI-1 and tPA activities. Other groups had reported that patients with type 1 diabetes of Ͻ1 year duration had higher levels of tPA than those with duration of diabetes of Ͼ1 year, suggesting that endothelial dysfunction is a very early event in type 1 diabetes (17) . PAI-1 activity has also been reported to be decreased in patients with type 1 diabetes (16). It is possible that these cor-
Risk factors in DCCT/EDIC and complications
relations were lost in our population, given that the mean duration of diabetes at admission to the original DCCT trial was 5.6 years.
In summary, the measurement of plasma fibrinogen levels and of the levels of soluble cell adhesion molecules are strongly correlated with the presence or development of vascular disease and diabetic nephropathy in the DCCT/EDIC cohort of type 1 diabetic patients. However, our study, as with previously published studies, has limitations because it is mostly cross-sectional with a very narrow period of follow-up for IMT, and, therefore, the predictive value of our findings needs to be confirmed and validated. Studies that we have now initiated will investigate the predictive power of these markers by measuring them in samples collected at enrollment into the DCCT/ EDIC cohort and in this way clearly defining whether the measurements can predict the development of complications 10 -20 years later.
